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The mid-domain effect is a diversity theory, which explains prevalent diversity patterns of hump-shape
patterns along altitude or latitude gradients. I tested whether patterns of ant species richness along
altitudes and latitudes in South Korea can be described by this theory. Ants on 12 high mountains
(>1100 m) throughout South Korea (from 33N to 38N) were surveyed using pitfall traps at intervals of
200e300 m of altitude. The number of species collected was used to determine the species richness and
the frequency (%, collected traps/total traps) was used to determine abundance. The temperatures of the
sampling sites were determined from digital climate maps. Species richness of ants decreased mono-
tonically along altitudinal and latitudinal gradients. However, species richness of cold-adapted species
(highland species) showed a hump-shape pattern along altitude gradient, which could be explained by
the mid-domain effect. Diversity and abundance of ant species was highly associated with temperature,
which can explain the monotonic decrease of diversity. Based on these ﬁndings, I devised an integrative
diversity hypothesis that explains local exclusive diversity patterns (monotonic decrease, hump-shape,
and monotonic increase) and global diversity patterns (peaks in the tropical region and gradually de-
creases towards the poles). This hypothesis predicts the prevalence of a hump-shape pattern in hot
regions and is supported by published insect data.
Copyright  2014, National Science Museum of Korea (NSMK) and Korea National Arboretum (KNA).
Production and hosting by ELSEVIER. All rights reserved.Introduction
Distribution patterns of species and their emergent property
(diversity) have long been a core area of ecology, evolution ecology,
and biogeography. Accordingly, global variations in diversity have
attracted the attention of numerous researchers for more than 100
years (Sanders et al., 2007). Indeed, many studies have been con-
ducted to investigate the mechanisms underlying the variations in
diversity, which has enhanced the development of diversity the-
ories (Allen et al., 2002; Colwell and Hurtt, 1994; Hawkin et al.,useum of Korea (NSMK) and
um of Korea (NSMK) and Korea Na2003; Lees et al., 1999; MacArthur, 1972; MacArthur and Wilson,
1967; Rosenzweig, 1995; Williams, 1964). However, patterns of
species richness along latitudinal or/and altitudinal gradients have
been the subject of debate for several decades (Rohde, 1999). It is
generally accepted that diversity declines along latitudinal or alti-
tudinal gradients (Allen et al., 2002; Colwell and Hurtt, 1994;
Stevens, 1989, 1992) but such declines are not always straightfor-
ward. Evidence of mid-elevation (or latitude) peaks (hump-shaped)
has been accumulated (Lees et al., 1999; McCoy, 1990; Olson, 1994;
Rahbek, 1995). Additionally, an increasing pattern has been
observed for insects (McCoy, 1990; Sanders et al., 2003).
Explanations for the diversity patterns along gradients are
generally either distribution range based (Colwell and Hurtt, 1994;
Lees et al., 1999; Stevens, 1989, 1992), or energy based (Allen et al.,
2002). Rapoport (1982) reported that species at higher latitude
have greater latitudinal range, and this phenomenon was deﬁned
as Rapoport’s rule by Stevens (1989). Rapoport’s rule was later
extended to explain the ﬁnding that species at higher altitudes have
wider altitudinal ranges (Stevens, 1992). Using these phenomena,
Stevens (1989, 1992) devised a theorem to explain the decrease in
species richness along latitude and altitude, which was deﬁned astional Arboretum (KNA). Production and hosting by ELSEVIER. All rights reserved.
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diversity theories that explains the decrease in species richness
that occurs with latitude and altitude. However, Gaston et al. (1998)
reported that patterns of species richness explained by Rapoport’s
rule were a local phenomenon that were primarily expressed in
Palaearctic and Nearctic ecozones above latitudes of 40e50N.
When Colwell and Hurtt (1994) developed one-dimensional
stochastic models of species richness to explain Rapoport’s rule,
they unexpectedly found that the pattern of species richness
within a domain produced a hump-shaped curve that declines
symmetrically from the center towards the edges of the domain.
This phenomenon was termed the mid-domain effect and has
been used to explain the gradual decline of diversity that occurs
from the equator to the poles without assumption of impacts of
abiotic or biotic factors. In the mid-domain effect, the stochastic
process of geographical ranges within geometric constraints can
lead to the development of species gradients in the absence of any
environmental or historical gradients (Colwell et al., 2004).
However, the applicability of the use of the mid-domain effect on
the basis of theorem or empirical data has been the subject of
debate (Zapata et al., 2005). Thus, both theories are used to
explain one of the complex patterns. Speciﬁcally, Rapoport’s
rescue effect is used to describe the monotonic decline of local
diversity, whereas the mid-domain effect is used to describe the
hump-shaped pattern. However, the monotonic increase that oc-
curs along altitude has yet to be explained. Therefore, three
exclusive patterns of species richness are not properly explained
by currently available theories.
Ants, which are abundant and diverse, have a well-developed
taxonomy and are easily sampled throughout the active season of
insects almost anywhere worldwide (Hölldobler and Wilson, 1990;
Kaspari et al., 2003); therefore, they are useful for testing ecological
theories (Sanders et al., 2007) and monitoring inﬂuences of envi-
ronmental change (Agosti et al., 2000). Whereas altitudinal and
latitudinal species richness gradients mirror each other, the
distributional ranges of species on these two gradients exhibit
similar patterns (Stevens, 1992). Despite extensive studies of pat-
terns of species richness along altitude or latitude, only a few ﬁeld
studies on the patterns of species richness along both elevation and
latitude gradients are known to have been conducted to date. This
study was conducted to identify patterns in ant species richness
along these two gradients in South Korea, and to test whether the
patterns of ant species richness were subject to the mid-domain
effect. Because this theory could not properly explain the
observed patterns, I tried to explain the local diversity patterns of
ants based on the observed abundance patterns of ant species along
altitude.
Materials and methods
Sampling sites
This study was conducted on 12 high mountains (>1100 m) in
South Korea (Appendix 1). The mountains were selected to repre-
sent latitudinal gradients of species richness of ants from 33N to
38N. Four to seven sampling sites were selected from the base to
the top of each mountain with an interval of 200e300 m in
elevation. The undisturbed forests or grasslands/bushes (mountain
tops) were selected as sampling sites to remove the effects of
disturbance. Sampled forest sites were composed of trees older
than 30 years and well-grown understory vegetation. Of 64 sam-
pling sites, 44 sites are deciduous forest, nine sites are coniferous
forest, and 11 sites are bush/grassland (Appendix 1). The details
regarding the climate, vegetation, and topography in Korea are
shown in Kwon et al. (2011).Ant sampling and identiﬁcation
Ants were collected in pitfall traps consisting of a plastic cup
(depth 6.3 cm, diameter 8.5 cm). Ten pitfall traps were buried at
each sampling site for 10 days during the summer (JulyeAugust).
Ant foraging is the most active during the survey period (Kwon,
2010b) because this period is the warmest in a year. One to four
mountains were surveyed each year from 2006 to 2009 (Appendix
1). Each of the traps was placed 5m apart from adjacent traps along
a line, and approximately one-third of it was ﬁlled with poly-
ethylene glycol as a preservative.
Ant specimens were identiﬁed using taxonomic keys (JAID,
2010). Ants except Myrmica and two species of Lasius were
identiﬁed to the level of species or morphospecies. The
anatomical characters used for Myrmica identiﬁcation are too
vague to be used for species identiﬁcation by non-taxonomists.
Hence, all Myrmica ants were identiﬁed as a species group
(Myrmica spp.). Lasius japonicus and Lasius alienus were the most
common and abundant among Lasius species. However, an in-
termediate form of two species was frequently found, and the
two species and their intermediate were treated as a species
group [Lasius spp. (japonicus þ alienus)]. All specimens were
deposited in the Insect Laboratory of the Korea Forest Research
Institute (Seoul, Korea).
Estimating the temperature of sampling sites
During the preliminary analysis of ant distributions in 243 for-
ests throughout South Korea, temperature was a key factor asso-
ciated with ant distribution, and other factors such as rainfall and
productivity (e.g. Normalized Difference Vegetation Index) were
negligible (Kwon, 2010a). I used digital climate maps (Yun, 2010)
produced by the KoreaMeteorological Administration and National
Center for Agrometeorology to extract the thermal parameters for
each sampling site. Mean, maximum, and minimum air tempera-
ture were estimated based on observation data collected from 1971
to 2008. The spatial resolution of the gridded climate data was
30 m.
Analyses
The number of species of ants that were collected at each
sampling site was used to determine the species richness. The
frequency (%, 100  each species collected traps/10 traps) was used
to determine the abundance of each ant species at a site. The spe-
cies richness predicted by the mid-domain effect was estimated
using the null model described by Colwell (2006). The average of
the predicted values was used for analysis. Regression analysis or
correlation analysis was used to identify associations between the
parameters.
Results
Through ant surveys of 12 mountains, 4246 ants belonging to 28
species were collected (Table 1). The Myrmica spp. was the most
abundant, accounting for 49% of total ants, being found at 53 of 64
sampling sites. Singleton species (collected at a sampling site) were
seven species. The range and midpoint of the annual mean tem-
perature of the sampling sites at which each species was collected
are given in Table 1. Figure 1 shows the species richness along
elevation gradients in 12 mountains. Monotonic decreases in spe-
cies richness along altitudinal gradients occurred on eight moun-
tains, and mid-elevation peaks occurred on four mountains.
However, in the latter, peaks occurred at lower elevations than the
peak elevationpredicted by themid-domain effect. Thus, the typical
Table 1
Number of ants collected in the study mountains using 10 pitfall traps*.
Species Mountains Temperature (C)
Se Hw Ga Gr Ta So Mi De Gy Un Ji Ha Range Midpoint Group
Aphaenogaster japonica 14 51 101 57 18 20 4 14 20 33 35 58 6.6e12.2 9.4 C
Camponotus atrox 15 8 11 8 15 6 58 8 1 13 2 6.8e12 8.9 C
Camponotus japonicus 1 1 11e11.8 11.4 W
Camponotus kiusuensis 1 2 1 7.7e11.3 9.5 C
Crematogaster osakensis 36 12e14.7 13.4 W
Crematogaster teranishii 12 11.8e12.2 12 W
Cryptone sauteri 1 3 6.4e12 9.2 C
Dolichoderus sibiricus 1 8.4 8.4 C
Formica japonica 5 44 23 2 6 5 2 103 198 3.5e12 7.8 C
Formica yessensis 60 6.4 6.4 C
Hypoponera sauteri 6 13.8 13.8 W
Lasius spp.
(japonicus þ alienus)
20 5 2 3 7 43 26 6.7e14.7 10.7 W
Lasius meridionalis 1 54 5.4e10.6 8 C
Lasius spathepus 66 7 7 C
Leptothorax sp. 1 1 9 3 6 1 3 6.7e12 9.4 C
Monomorium intrudens 17 14.7 14.7 W
Myrmecina nipponica 2 1 1 3 2 4.6e11.3 8 C
Myrmica spp. 192 154 308 159 209 95 11 187 50 165 129 411 3.1e12 7.6 C
Pachycondyla chinensis 8 14.7 14.7 W
Pachycondyla javana 2 12 10 3 15 9.4e14.7 12.1 W
Paratrechina ﬂavipes 1 10 1 1 2 37 12 52 76 55 46 6.7e14.7 10.7 W
Pheidole fervida 61 8 27 4 1 57 22 87 11 41 26 5.6e13.8 9.7 W
Ponera scabra 1 1 1 1 2 2 7.7e12 9.9 W
Pristomyrmex pungens 8 14.7 14.7 W
Stenamma owstoni 1 2 11 3 1 3 16 2 4.2e10.8 7.5 C
Strumigenys lewisi 5 3 1 15 10.6e14.7 12.7 W
Tapinoma sp. 2 14.7 14.7 W
Vollenhovia emeryi 1 1 38 1 7 5.3e14.7 10 W
Species (n) 7 12 10 8 8 7 9 8 16 15 12 19
Individuals (n) 229 346 552 259 242 194 121 304 258 414 438 889
* The mountains are arranged from north to south, and their full names are shown in Appendix 1. The range and midpoint (average) of temperature of each species was
obtained from the annual average of temperature at the sampling sites. Ant species were divided into two groups: warm-adapted species (W) and cold-adapted species (C).
The point for the division was 9.5C. Based on themidpoint of the temperature, ant species were grouped into warm-adapted species (W,9.5C) and cold-adapted species (C,
< 9.5C). Considering the abundance patterns of ant species (Figure 3) along altitude, the midpoint (9.4C) of Aphaenogaster japonica was chosen as the point for the division
because abundance of this species showed an intermediate pattern between lowland species and highland species. This bifurcation will be used to devise and prove our
hypothesis.
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observed on anymountains. The observed values of species richness
were not signiﬁcantly correlated with the values predicted by the
null model of the mid-domain effect for all mountains (p 0.3), but
werenegatively correlatedwith altitude (r¼0.62w0.94; p¼ 0.37
in Minju, p ¼ 0.11e0.14 in Gaya, Gaebang, Hanla, 0.1 > p > 0.05 in
Deakyu and Sobaek, p < 0.05 in other mountains).
The pooled species richness was negatively correlated with
altitude (Figure 2; r ¼ e0.68, n ¼ 64, p < 0.0001) but not with the
values predicted by the null model of the mid-domain effect
(p ¼ 0.7). A monotonic decrease of species richness also occurred
with latitude but the steepness of decline decreased and signif-
icance in the pattern became weaker (r ¼ e0.35, n ¼ 64,
p ¼ 0.005). Additionally, the values predicted by the mid-domain
effect were not signiﬁcantly related to the observed species
richness (p ¼ 0.37). When the sampling sites were grouped into
lowland (<1000 m) and highland (1000 m) areas, monotonic
decline with latitude was steeper at lowland sites (r ¼ e0.52,
n ¼ 22, p ¼ 0.01), but weaker at highland sites (r ¼ e0.23, n ¼ 44,
p ¼ 0.11). The values predicted by the mid-domain effect were
not signiﬁcantly related to the observed values at all sites or at
lowland sites (p ¼ 0.38 in all sites, p ¼ 0.94 in lowland sites), but
were marginally signiﬁcantly related at highland sites (r ¼ 0.28,
n ¼ 44, p ¼ 0.07).
Of the 12 common species that occurred at more than 11
sampling sites, the abundance of six, Pachycondyla javana, Para-
trechina ﬂavipes, Pheidole fervida, Lasius spp. (japonicas þ alienus),Vollenhovia emeryi, and Myrmecina nipponica, monotonically
decreased along the altitudinal gradient (Figure 3). The abun-
dance of Aphaenogaster japonica was normally distributed along
the elevation gradient with a peak of abundance being observed
around 800e1000 m; however, the left tail of the normal curve
may be truncated. Three species, Leptothorax sp. 1, Camponotus
atrox, and Stenmma owstoni occurred from 800 m to 1600 m. The
abundance of Myrmica spp. showed a normal curve with trun-
cated right tail, indicating a peak from 1200 m to 1600 m.
Formica japonica had a unique pattern of abundance distribution.
Speciﬁcally, the abundance of this species was low and gradually
decreased to 1400 m, but it increased greatly at elevations above
1600 m. The abundance of this species increases in grasslands,
gaps in forests, and burned forest (Kwon et al., 2012). Hence, the
habitat characteristics of the mountain top (i.e. bush or grasses
without trees) may have been responsible for this increase.
Among 15 rare species that are not shown in Figure 4, ants
belonging to 10 of these species were only collected at altitudes
lower than 1000 m.
Temperature monotonically decreases either along altitudinal
gradient or latitudinal gradient. In the three-dimensional space of
temperature, elevation and latitude (Figure 4A), approximately 86%
of variation of temperature can be explained by elevation and
latitude (R2 ¼ 0.86, F2,62 ¼ 202.4, p < 0.0001, temperature ¼ 50.5e
0.0003  altitude e 1.05  latitude). Approximately 54% of the
variation of species richness (SR) was explained by elevation and
latitude (Figure 4B; R2 ¼ 0.54, F2,62 ¼ 37.7, p < 0.0001, SR ¼ 30.7 e
Figure 1. Species richness at the sampling sites in the study mountains. Species richness was the number of ant species which were collected in 10 pitfall traps at each sampling
site. Dark points denote observed values, and open points denote values which were predicted by the null model of the mid-domain effect. When species richness was signiﬁcantly
correlated with altitude (p < 0.05), a linear decrease was plotted along species richness.
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Figure 2. Species richness at the study sites along gradients of elevation (A) and latitude (BeD). The three gradients of latitude are represented as follows: total sites (B), low
elevation sites (<1000 m; C), and high elevation sites (1000 m; D). Species richness is the number of ant species which were collected in 10 pitfall traps at each study site. Dark
points denote observed values, and open points denote values predicted based on the mid-domain effect. The hatched line indicates a signiﬁcant association (p < 0.05) between
richness and elevation (or latitude).
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temperature alone (Figure 4C; R2 ¼ 0.51, F1,62 ¼ 67.4, p < 0.0001,
SR ¼ e0.86 þ 0.8  temperature). This value is similar to the value
of 52% reported by Kaspari et al. (2004), but lower than the value of
77% reported by Sanders et al. (2007). Hence, the monotonic
decrease of species richness along altitudinal and latitudinal
gradient may be primarily caused by the linear decrease in tem-
perature along the two-dimensional gradient. As expected from the
species-speciﬁc distributions of abundance along the altitudinal
gradient and the strong relationships between temperature and ant
species richness, some species had species-speciﬁc distribution
(monotonic increase in Pachycondyla javana, hump-shaped in most
species, and steady and abrupt decrease in Myrmica spp.) patterns
of abundance along the temperature gradient (Figure 5). These
ﬁndings indicate that abundance of each ant species would be
normally distributed along temperature gradient, with a peak
occurring around an optimum temperature.
Figure 6 shows the patterns of species richness of two species
groups (warm-adapted species and cold-adapted species) along
altitude (Figures 6A and 6B) or latitude (Figures 6C and 6D). The
species richness of warm-adapted species was negatively corre-
lated with altitude and latitude (r ¼ e0.76, p < 0.0001, altitude;
r ¼ e0.43, p < 0.001, latitude). However, the pattern of species
richness along altitude for cold-adapted species showed a hump-
shaped pattern that was signiﬁcantly related to the values pre-
dicted by the null model of the mid-domain effect along altitude
domain (r¼ 0.35, p< 0.01), but was not signiﬁcantly related to that
along latitude domain (r ¼ 0.05, p ¼ 0.69).
Discussion
At the 12 mountains in South Korea, the species richness of ants
monotonically decreased along altitudinal or/and latitudinal gra-
dients. Therefore, the patterns did not match the null model based
on the mid-domain effect with geometric constraints. TheMyrmica
spp., which was the most abundant species group in high elevation,
was the most widely distributed in the present study (Table 1 and
Figure 3). These ﬁndings support Rapoport’s rescue effect. How-
ever, when the ant survey was enlarged into all of South Korea(Kwon, 2010a), this species group was found to be restricted in
highlands or cold areas. Stenamma owstoniwas frequently collected
in this study, but this species is rare in lowlands, which cover most
of South Korea. Conversely, the most common ant species in South
Korea were Paratrechina ﬂavipes, Pheidole fervida, Aphaenogaster
japonica, Pachycondyla javana, Laisus spp. (japonicus þ alienus)
(Kwon et al., 2012), but these were only found in low elevations
(Figure 3). Pristomyrmex pungens was rare in this study, but this
species occurs very commonly in lowlands (Kwon et al., 2012).
Moreover, 10 of 15 rare species were collected at altitudes lower
than 1000 m. Thus, the high diversity in low elevations cannot be
explained by Rapoport’s rescue effect. The same phenomenon was
reported by Almeida-Neto et al. (2006), who found a positive
relationship between altitudinal range and midpoint, but that a
gradual decrease in species richness along elevation could not be
explained by Rapoport’s rescue effect.
Therefore, the monotonic decrease of ant species richness
along altitudinal or latitudinal gradient in South Korea cannot be
explained by Rapoport’s rescue effect. The abundance of each
ant species may be normally distributed along temperature
gradient (Figure 5), which could be lineally related to altitudinal
or/and latitudinal gradients (Figure 4). This phenomenon, in
turn, may be directly related to the monotonic decline of species
richness observed along altitude or/and latitude. Ant species in
an area can be grouped into warm-adapted species or cold-
adapted species based on their geographical range (Figure 7).
The main range of cold-adapted species is located in colder
zones (further north) than the study area, whereas that of warm-
adapted species is located in warmer zones (further south). The
species richness of warm-adapted species may decrease mono-
tonically along altitude, whereas that of cold-adapted species
may have a hump-shaped distribution along altitude (Figure 6).
Local species richness may be formed by the interaction of
richness between two species groups. A monotonic decrease
may be predicted in an area dominated by warm-adapted spe-
cies. However, if two species groups balance the species rich-
ness, a hump-shaped pattern of species richness would be
expected. In areas dominated by cold-adapted species, mono-
tonic increases may occur.
Figure 3. Abundance (mean with SE) of ant species along altitudinal gradients. The abundance was estimated as the frequency, based on the percentage of traps in which each
species was collected.
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decedent species would gradually spread bidirectionally towards
both low and high temperature regions (Figure 8). In such a case,
the number of species would peak around the start point of
evolution and gradually decline to both boundary ends of thetaxon. As a result of evolution, each species would probably have
its own geographical range determined by thermal regimes. The
abundance of each species would show a normal curve with a
peak at the optimum temperature along the thermal gradient
within its geographical range. The thermal regime of the species
Figure 4. Three-dimensional plots of temperature (A) and species richness (B), according to altitudinal and latitudinal gradients, and two-dimensional plots of species richness and
temperature (C). The plots (A, B) were made using the three-dimensional surface plot produced by STATISTICA version 6.1 (StatSoft, Inc., Tulsa, USA). Regression models using
elevation (X) and latitude (Y) as independent variables are as follows: temperature (Z), R2 ¼ 0.86, F2,62 ¼ 202, p < 0.0001, Z ¼ 50.5 e 0.004  X e 1.05  Y; species richness (Z)
R2 ¼ 0.54, F2,62 ¼ 37.7, p < 0.0001, Z ¼ 30.7 e 0.004  X e 0.593  Y. The regression model of species richness using temperature as an independent variable was as follows:
R2 ¼ 0.51, F1,62 ¼ 67.4, p < 0.0001, Y ¼ e1.869 þ 0.8  X.
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the summation of the spatial abundance patterns of all species
present would determine the pattern of species richness along
the altitudinal and/or latitudinal gradient. Thus, the probability
of collecting a species at a site would be determined by the local
abundance pattern of a species. Based on this assumption, a
hump-shaped pattern of species richness along altitudinal and/or
latitudinal gradients would be expected around the central areaFigure 5. Abundance (mean with SE) of ant species along temperature gradients. The abun
species was collected. The temperature ranges were as follows: 3.1 ¼ 3.1e4.7; 5.2 ¼ 5.2e
11.0 ¼ 11.0e14.7 oC.of evolution because cold-adapted species and warm-adapted
species would probably be present in equal numbers. A mono-
tonic decrease in species richness would occur in the low tem-
perature region owing to the predominance of warm-adapted
species, whereas a monotonic increase would occur in the high
temperature region due to the predominance of cold-adapted
species. If a taxon originated in a high temperature, no mono-
tonic increase in species richness would occur. Conversely, if adance was estimated as the frequency based on the percentage of traps in which each
5.7; 5.8 ¼ 5.8e6.7; 7.0 ¼ 7.0e7.6; 7.7 ¼ 7.7e8.3; 8.4 ¼ 8.4e9.3; 9.4 ¼ 9.4e10.8; and
Figure 6. Observed species richness (dark rectangle) of warm-adapted species (A, C) and cold-adapted species (B, D) along altitudinal (A, B) or latitudinal (C, D) gradients. Two
groups of ant species were classiﬁed based on the midpoint of temperature range as shown in Table 1. Open rectangles are the species richness (average value) predicted by the null
model of mid-domain effect (Colwell, 2006). The decreasing line represents a signiﬁcant association (p < 0.05) between richness and elevation (or latitude).
TS Kwon / Journal of Asia-Paciﬁc Biodiversity 7 (2014) e19ee29e26taxon evolved in a low temperature region, a monotonic decrease
would not occur. Through the entire domain, a hump-shaped
pattern of species richness would be expected for taxa that
originated from mid- or high-temperature regions. Therefore, if aFigure 7. Explanatory diagrams of the exclusive patterns (i.e. monotonic increase, hump-sh
scheme may also be applicable to the local latitudinal gradient because the two gradients
rectangle in Figure 6A) may be divided into two groups: warm-adapted species and cold-ad
scope of the area over warmer regions (i.e. more southerly in the northern hemisphere), w
mixing regime of the two groups may form patterns of species richness. If warm-adapted
latitude) will occur (B). If the two species groups are balanced, a hump-shaped pattern will e
(D).taxon evolved in a tropical region, its diversity would peak in the
tropical region and gradually decrease towards the poles.
Based on the assumption that most insects originate in tropical
regions, this hypothesis predicts that a mid-elevation peak wouldaped, and monotonic increase) of ant species richness along altitudinal gradient. This
mirror each other (see Figures 3 and 8, Stevens, 1992). Ants inhabiting an area (dark
apted species (A). The distribution range of warm-adapted species would surpass the
hereas that of cold-adapted species would surpass the scope over colder regions. The
species are predominant, a monotonic decrease in species richness along altitude (or
merge (C). If cold-adapted species are predominant, a monotonic increase will be found
Figure 8. Evolution of species and local patterns of species richness. Dark triangles indicate distribution range and abundance pattern (i.e. normal distribution) of each species along
the temperature domain. If a taxon evolved at a certain point along a thermal gradient, decedent species would gradually spread bidirectionally towards both low and high
temperature regions. Based on this assumption, a hump-shaped pattern of species richness along altitudinal and/or latitudinal gradients would be expected around the central area
of evolution (Area B) because cold-adapted species and warm-adapted species would probably be present in equal numbers. A monotonic decrease in species richness would occur
in the low temperature region (Area C) owing to the predominance of warm-adapted species, whereas a monotonic increase would occur in the high temperature region (Area A)
due to the predominance of cold-adapted species.
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would be prevalent in temperate regions. In a worldwide survey of
leaf litter ant diversity, species richness peaked at mid-elevations in
the tropics but decreased continuously with elevation in temperate
regions (Ward, 2000). In an ant survey of four mountains in
Madagascar, the highest species richness occurred at mid-
elevations of approximately 800 m (Fisher, 1999a,b). Fisher
(1999a) suggested that mid-elevation peaks in species richness
were the result of the mixing of two distinct, lower and montane
forests, ant assemblages. The lower species is comparable with
warm-adapted species, and the montane species is comparable
with cold-adapted species.
When ants were surveyed along an altitudinal gradient in
deciduous forests in the Great Smoky Mountains National Park in
the USA, species richness monotonically declined along tem-
perature gradient (Sanders et al., 2007), which might be nega-
tively correlated with altitudinal gradient. Sanders et al. (2007)
suggested that temperature indirectly inﬂuences ant species di-
versity across spatial grains, perhaps by limiting access to re-
sources. In Northern Europe (49e70N), ant species richness
monotonically declined along latitudinal gradient (Cushman
et al., 1993), which also occurred in North America from 0N to
50N (Kaspari et al., 2003). It should be noted that similar ob-
servations have been made in the southern and northern hemi-
spheres (Ward, 2000).
Olson (1994) found strong mid-elevational peaks in litter
arthropod faunas in a neotropical region. Additionally, dung beetles
showed mid-elevation peaks along elevation in low latitudinal
areas of the Colombian Andes (Escobar et al., 2005). Furthermore,
the species richness of moths in Costa Rica also showed hump-shaped patterns along elevation (Brehm et al., 2007). Similar to
ants (Fisher, 1999a), butterﬂies in Madagascar showed hump-
shaped patterns of species richness along elevation and latitude,
which were well matched by a null model based on the mid-
domain effect (Lees et al., 1999). Conversely, in a mountain range
in the central Great Basin in the USA, elevation and butterﬂy species
richness were signiﬁcantly negatively correlated (Fleishman et al.,
1998). The prevalence of mid-elevation peaks in low latitudinal
regions was also shown by several insects in a study conducted by
McCoy (1990). Of 13 case studies showing mid-elevation peak or
decreasing along elevation, ﬁve mid-elevation peak cases and three
decreasing cases were observed in low latitudinal regions (<30
north or south), whereas two mid-elevation peak cases and three
decreasing cases were shown in high latitudinal regions (McCoy,
1990).
Thus, the occurrence of themid-domain peak of species richness
along altitude and/or latitude was regionally dependent, and this
was more pronounced in low latitudinal regions than in high lat-
itudinal regions. If the null model based on the mid-domain effect
was accepted, mid-domain peaks of species richness should appear
along all geographical domains within restricted areas (Zapata
et al., 2005). However, the results of some studies support the
null model of the mid-domain effect, whereas others do not (Dunn
et al., 2006). In the null model, random distribution of range size is
assumed and frequent overlap of large-sized ranges around the
midpoint of a domain lead to a hump-shaped pattern of species
richness. In this study, despite the general decrease in richness
along altitude, cold-adapted species showed a hump-shaped
pattern with altitude, which conﬁrms the mid-domain effect. This
supports the assumption that the evolutionary process along a
Appendix 1. Elevation, coordinates, sampling date, and
vegetation at the sampling sites*.
Mountain Elevation
(m)
Latitude
(N)
Longitude
(E)
Date Habitat Dominant
tree
Seolak 800 38 05 46 128 23 41 7-Aug-2007 D Quercus
mongolica
Seolak 1000 38 05 59 128 24 48 7-Aug-2007 D Quercus
mongolica
Seolak 1200 38 06 25 128 24 34 7-Aug-2007 D Quercus
mongolica
Seolak 1400 38 06 49 128 27 14 7-Aug-2007 D Quercus
mongolica
Seolak 1600 38 06 58 128 28 05 7-Aug-2007 D Quercus
mongolica
Seolak 1708 38 07 9 128 27 55 7-Aug-2007 B
Hwaak 400 37 57 35 127 31 25 30-Jul-2007 D Quercus
mongolica
Hwaak 600 37 58 12 127 30 60 30-Jul-2007 C Larix
leptolepis
Hwaak 800 37 58 36 127 30 41 30-Jul-2007 D Quercus
mongolica
Hwaak 1000 37 58 37 127 30 37 30-Jul-2007 D Quercus
mongolica
Hwaak 1200 37 58 37 127 30 37 30-Jul-2007 D Quercus
mongolica
Hwaak 1450 37 59 11 127 30 07 30-Jul-2007 B Quercus
mongolica
Gaebang 760 37 41 17 128 28 18 27-Jun-2007 C Pinus
densiﬂora
Gaebang 900 37 41 36 128 28 12 27-Jun-2007 D Quercus
mongolica
Gaebang 1100 37 42 02 128 28 13 27-Jun-2007 D Quercus
mongolica
Gaebang 1300 37 42 44 128 28 13 27-Jun-2007 C Taxus
cuspidata
Gaebang 1570 37 43 32 128 28 04 27-Jun-2007 B
Gariwang 800 37 26 35 128 33 42 1-Aug-2007 D Quercus
mongolica
Gariwang 1000 37 26 43 128 33 41 1-Aug-2007 D Quercus
mongolica
Gariwang 1200 37 26 57 128 33 41 1-Aug-2007 D Quercus
mongolica
Gariwang 1400 37 27 18 128 33 33 1-Aug-2007 D Quercus
mongolica
Gariwang 1560 37 27 30 128 33 56 1-Aug-2007 B Quercus
mongolica
Taebaek 860 37 06 55 128 55 47 18-Aug-2008 D Mixed
Taebaek 1000 37 06 34 128 55 45 18-Aug-2008 C Larix
leptolepis
Taebaek 1200 37 06 17 128 55 56 18-Aug-2008 C Pinus
koraiensis
Taebaek 1400 37 05 55 128 55 29 18-Aug-2008 D Quercus
mongolica
Taebaek 1567 37 05 38 128 55 09 18-Aug-2008 B
Sobaek 800 36 57 40 128 27 12 17-Aug-2009 C Larix
leptolepis
Sobaek 1000 36 57 26 128 27 51 17-Aug-2009 C Larix
leptolepis
Sobaek 1200 36 57 25 128 28 25 17-Aug-2009 D Quercus
mongolica
Sobaek 1400 36 57 12 128 28 50 17-Aug-2009 D
Minjuji 600 36 04 26 127 50 38 18-Aug-2009 D Quercus
spp.
Minjuji 800 36 04 1 127 50 15 18-Aug-2009 D Quercus
spp.
Minjuji 1000 36 03 46 127 50 34 18-Aug-2009 D Quercus
aliena
Minjuji 1242 36 03 35 127 50 54 18-Aug-2009 B Quercus
mongolica
Deokyu 800 35 53 14 127 44 11 20-Aug-2009 D Quercus
mongolica
Deokyu 1000 35 52 27 127 45 19 20-Aug-2009 D Quercus
mongolica
Deokyu 1200 35 52 5 127 45 33 20-Aug-2009 D Quercus
mongolica
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richness.
The geometric constraint model is contingent upon examination
of species endemic to the domain (McClain et al., 2007). If the
geometric constraint was not assumed on a domain, the null model
would predict a uniform pattern of species richness rather than a
hump-shaped pattern (Sandel and McKone, 2006). The applica-
bility of the mid-domain effect is scale-dependent, being more
evident in larger domains (Dunn et al., 2006). Therefore, the small
study region (South Korea) in this investigation probably explains
why the diversity pattern did not conform to the mid-domain ef-
fect. Because the null model assumes no inﬂuences of environ-
mental factors or biological interactions, the ﬁnding that the
diversity observed in the present study did not match the null
model of the mid-domain effect indirectly indicates a strong in-
ﬂuence of environmental factors on patterns of Korean ant diversity
(McClain et al., 2007).
Rapoport’s rescue effect (Stevens, 1992) is one of several the-
ories that explains the decreasing pattern of species richness along
altitude or latitude. Rapoport’s rescue effect was deduced from
Rapoport’s rule that species at high latitude or high altitude are
widely distributed owing to the extremely variable environmental
conditions of such regions (Stevens, 1989, 1992). Therefore, high
elevation (or latitude) species can survive at more stable (mild) low
elevation (or latitude), but the reverse may not be true. This may
lead to a gradual decrease of species richness along altitude or
latitude; however, this does not explain the distribution patterns of
Korean ants observed in this study. Instead, the patterns were
explained by the hypothesis as suggested in Figures 7 and 8. The
wide range of temperature at high latitude is primarily determined
by the minimum temperature (cold) rather than the maximum
temperature (heat). This is becausemaximum temperature tends to
be constant, whereas minimum temperatures decrease linearly,
especially at 10e50

N and 10e300

S (Addo-Bediako et al., 2000).
Accordingly, it is probable that the tolerance of environmental
variability in Rapoport’s rule reﬂects cold tolerance. Environmental
generalists inhabiting high latitudes or elevations (Stevens, 1989,
1992) are cold specialists according to this logic.
Revised analysis on insect tolerance to temperature reveals that
heat tolerance (upper thermal limit) shows little geographical
variation, but cold tolerance (lower thermal limit) increases with
latitude (Addo-Bediako et al., 2000), supporting this prediction.
However, Addo-Bediako et al. (2000) suggested that this phenom-
enon provided physiological evidence for Rapoport’zs rule. They
considered the range of temperature as a variation in temperature.
As documented above, temperature range can be interpreted as the
degree of coldness rather than the degree of temperature variability.
Therefore, widening of the temperature tolerance range caused by
increased cold tolerance at high latitude (or altitude) can explain the
wider distribution of species in these areas. In addition to cold
tolerance, limited activity in cold areasmayalso inﬂuence theﬁtness
of species at high altitude or high latitude. The length of the active
season of warm-adapted species may signiﬁcantly decrease at high
altitude (or latitude) when compared with cold-adapted species.
Thus, temperature may determine the distribution of ant species
and local diversity through selective interactionwith cold tolerance
and activity season.
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(continued )
Mountain Elevation
(m)
Latitude
(N)
Longitude
(E)
Date Habitat Dominant
tree
Deokyu 1400 35 51 54 127 45 1 20-Aug-2009 D Quercus
mongolica
Deokyu 1614 35 51 26 127 44 54 20-Aug-2009 B
Gaya 540 35 47 25 128 5 46 19-Aug-2008 D Quercus
spp.
Gaya 800 35 48 33 128 6 26 20-Aug-2008 D Quercus
serrata
Gaya 1000 35 48 51 128 6 55 20-Aug-2008 D Quercus
mongolica
Gaya 1200 35 49 4 128 7 9 20-Aug-2008 D Quercus
mongolica
Gaya 1430 35 49 15 128 7 20 20-Aug-2008 B Quercus
mongolica
Unmun 200 35 39 14 128 57 51 2-Jul-2008 D Quercus
variabilis
Unmun 400 35 38 42 128 58 15 2-Jul-2008 D Quercus
variabilis
Unmun 600 35 38 16 128 58 17 2-Jul-2008 D Quercus
variabilis
Unmun 800 35 36 40 128 58 19 2-Jul-2008 D Quercus
mongolica
Unmun 1000 35 36 41 128 57 58 2-Jul-2008 D Quercus
mongolica
Unmun 1195 35 36 56 128 57 35 2-Jul-2008 B
Jiri 800 35 18 33 127 44 36 19-Aug-2008 D Quercus
mongolica
Jiri 1000 35 18 52 127 44 33 19-Aug-2008 D Quercus
variabilis
Jiri 1200 35 19 6 127 44 31 19-Aug-2008 D Quercus
mongolica
Jiri 1400 35 19 29 127 44 14 19-Aug-2008 D Quercus
mongolica
Jiri 1600 35 19 44 127 44 9 19-Aug-2008 D Quercus
mongolica
Jiri 1800 35 19 56 127 43 59 19-Aug-2008 C Abies
koreana
Jiri 1894 35 20 3 127 43 59 19-Aug-2008 B
Hanla 200 33 30 03 126 47 56 13-Jul-2006 D Quercus
spp.
Hanla 400 33 26 52 126 43 27 13-Jul-2006 D Quercus
spp.
Hanla 800 33 22 49 126 37 17 13-Jul-2006 D Quercus
spp.
Hanla 1300 33 22 10 126 34 04 13-Jul-2006 D Quercus
spp.
Hanla 1600 33 21 54 126 33 02 13-Jul-2006 C Abies
koreana
Hanla 1900 33 21 38 126 32 21 13-Jul-2006 B
*Types of habitat are as follows: B ¼ bush/grassland; C ¼ coniferous forest;
D ¼ deciduous forest. Date indicates the date of construction of pitfall traps.
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